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Abstract.

Basal hydrology of the Greenland Ice Sheet (GIS) influences its dynamics and mass balance through basal lubrication
and ice/bed de-coupling, or efficient water removal and ice/bed coupling. Variations in subglacial water pressure through the
seasonal development of the subglacial hydrological system help control ice velocity. Larger conduits melted by the viscous
dissipation of heat from surface runoff may lead to efficient drainage systems that lower subglacial water pressure, increase
effective stress, and reduce ice velocity. Conduit opening occurs primarily due to viscous heat dissipation (VHD) associated
with flow of subglacial water. In this study we quantify the energy available for VHD historically, at present, and under future
climate scenarios. At present, 345 km? of annual runoff with a gravitational potential energy of 2.9 x10'® J (2.9 EJ) delivers
1.9 EJ to the base of the ice sheet per year. These values are already ~35% more than the historical 1900s average of 1.4
EJ year—! at the bed which was comparable to geothermal heat flux (GHF) of 1.1 EJ year—! under the runoff area. By 2100
under IPCC AR5 RCP8.5 (RCP4.5), 1278 (524) km? of runoff with gravitational potential energy of 14.3 (4.9) EJ year—! will
deliver 9.0 (3.2) EJ year!. In the future, there may be a ~5-fold increase in VHD, 100% of which is assumed to melt open
subglacial conduits. In comparison, the area of the bed accessed by runoff remains roughly constant and therefore comparable
GHF increases only slightly compared to historical values. With increasing surface meltwater penetration to the bed the basal
heat budget in the ablation zone of the GIS will be increasingly dominated by VHD and relatively less sensitive to GHF, which

may result in changes in the ice flow field and its seasonal variability.

1 Introduction

Numerical models and observations of the Greenland Ice Sheet (GIS) link surface meltwater penetration to the bed to both
short (hourly, daily) and long (seasonal, decadal) temporal variations in ice velocity (Shannon et al., 2013; Zwally et al.,
2002; Bartholomew et al., 2011; Banwell et al., 2013; Mayaud et al., 2014; Tedstone et al., 2015). However, the link between
increased basal water inputs and ice sliding is a complex one, largely because viscous heat dissipation (VHD) from water flow
beneath ice may melt out efficient drainage tunnels whose presence may decrease, or even reverse, the tendency for ice flow to

accelerate with increasing meltwater inputs to the bed (Kamb, 1987; Sundal et al., 2011; Tedstone et al., 2015).
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Early in the melt season water is added to the subglacial system but cannot be efficiently removed, subglacial water pressures
increase, and ice velocity increases. Later in the melt season, increased runoff causes efficient drainage conduits to form. These
large drainage conduits reduce the subglacial water pressure and ice velocity (Hewitt, 2013). Even efficient drainage conduits
can at times become over-pressured, with associated increase in ice velocity, until basal water is removed or the conduit opens
more from additional melting (Schoof, 2010). The subglacial hydrologic system influences ice velocity during the non-melt
winter months as well. This behavior is less well understood, but it appears that increased summer velocities may correlated
to decreased winter velocities, with a total annual displacement that is less than in years without the larger summer speed-up
(Sundal et al., 2011), and a recent observational study shows a regional and decadal velocity decrease coincident with a 50%
runoff increase in southwest Greenland (Tedstone et al., 2015).

The majority of studies examining surface melt, supra-glacial routing, subglacial hydrology, and the response of ice sheet
outlet glaciers to those various inputs takes place in southwest Greenland, often near the Russell and/or Leverett Glaciers (for
example, Banwell et al. (2013); Arnold et al. (2014); Andrews et al. (2014); Tedstone et al. (2015)). Furthermore, present day
weather, runoff, outflow, and other data is often used in those studies, since daily, hourly, or higher temporal resolution of the
data is beneficial to the models. However, using present data limits their focus to some recent seasons for which abundant
in-situ sensor data exists. In order to examine future scenarios, Mayaud et al. (2014) built on the work of Banwell et al. (2013),
but used a conduit model that includes melt opening and creep closure, driven by a positive degree day runoff model, to
examine future changes to year 2095 under various [PCC RCP scenarios (Moss et al., 2010). Those models had hourly or daily
resolution and were again limited to the well-studied ~200 km? area near Russell glacier.

Here we perform a broader analysis that examines runoff over the entire GIS on annual and decade timescales, and frame
the discussion in terms of changes in heat available to melt open conduits (VHD), rather than focusing on water pressure in a
conduit relative to overhead ice pressure. We report both the total GIS-wide energy budgets, its distribution at a 5x5 km grid
resolution, and highlight results along one flowline at 150 m resolution. We examine what fraction of the initial gravitational
potential energy of surface meltwater converts to heat subglacially and is used for subglacial melting. Our treatment of en- and
sub- glacial hydrology is simplified because it does not represent actual conduits, but is at the same time more comprehensive
than in existing global climate or ice-sheet models (e.g. Pollard and DeConto (2012)), and may offer a computationally efficient

yet improved method to incorporate glacial hydrology at their existing grid resolution.

2 Data

We use a 150 m resolution basal topography and surface topography (IceBridge BedMachine Greenland, Version 2) from
Morlighem et al. (2014, 2015) to calculate both surface and subglacial flow routing and subglacial pressures. Surface runoff,
equal to the surface meltwater and rain that does not re-freeze but instead runs off, comes from MARv3.5.2 (Fettweis et al.,
2013).
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We report results for a historical period (1900 — 1999), the present (2010 — 2019), and IPCC AR5 RCPs 4.5, and 8.5 (2090
—2099) (Moss et al., 2010). We process the entire GIS at 5 km resolution, and then part of West Greenland (near the Russell

and Leverett glaciers) at 150 m resolution, where we extract a flowline segment.

3 Methods and assumptions

We introduce our methods and assumptions by tracing the path of a unit parcel of surface meltwater from source to sink (ice
surface elevation at the origin of a meltwater parcel to sea or land-outlet level where it discharges from an ice sheet). We follow

a simplified form of Bernoulli’s equation,

2 2

s V3 v
%+%+—:@+%+;+mn (1)

2g 0% 2

with p pressure, y the specific weight of water, z elevation above sea level, v velocity, g gravitational acceleration, and Hp,
combined head loss (e.g. Gulley et al. (2014)). Subscripts s represent the ice surface and b, the bed. Viscous heat dissipation
(VHD) is the process that causes head losses Hy. Eq. 1 is in units m and the three terms are often referred to as the pressure
head, elevation head, and velocity head. It can be multiplied by m ¢ and then it is an energy balance equation, with the middle
term the gravitational potential energy.

We describe the model used to route surface runoff to the bed and down the hydropotential gradient, where subglacial
conduits melt open from VHD in flowing water (Fig. 1). At each step we detail the assumptions made, the amount of energy
available to the parcel of water with respect to the initial gravitational potential energy, and the form of that energy: gravitational

potential, kinetic (velocity), pressure, or transferred out of the water parcel as sensible heat.
3.1 Surface runoff and routing

Surface runoff comes from melted ice or rainfall that does not refreeze or evaporate. At its source it has a total gravitational

potential energy, P FEiotal,

PEtotal =mgzs. (2)

Results of Eq. (2) are shown in Fig. 2. We assume that initially water has only its gravitational potential energy available and
has negligible velocity and kinetic energy and it is initially at 0 °C at atmospheric pressure.

Runoff with an initial elevation > 2000 m has low liklihood of penetrating to the bed (Poinar et al., 2015), and is instead
routed on the surface to below 2000 m elevation. Elsewhere, runoff may leave the surface within its source grid cell. Side-
draining lakes and supraglacial streams transport horizontally by definition, and moulins often drain these to the bed near their
source (Yang and Smith, 2013). Surface meltwater may on average flow 5 — 10 km (1 — 2 grid cells in our model) before leaving

the surface (Yang et al., 2015). However, we ignore this horizontal transport because when streams do travel this far on the
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surface, they are most likely to do so in crevasse-free regions of ice sheets that are subjected to relatively low strain rates and
stresses (Poinar et al., 2015) implying a flatter surface. Horizontal transport of surface meltwater with a small elevation drop
has only a small impact on the initial gravitational potential energy. Horizontal transport in an area with large surface slope
and impact on gravitational potential energy is unlikely, because such regions have high driving stress, and crevasses routing
the stream to the bed are likely to be present.

Near-surface water storage may occur, but because we discuss results on an annual and longer timescale and focus on change
over time, only changing relative amounts of storage would affect the results, and only in amounts larger than a few percent of
the total runoff volume. Near surface water storage and refreezing are not addressed here but the surface mass balance model

that generates the runoff takes some refreezing into account (Fettweis et al., 2013).
3.2 Transit from the surface to the bed

We assume all water reaches the bed within the 5x5 km grid cell where it leaves the surface. Moulins and crevasses, either at a
lake bottom or when a supraglacial stream leaves the surface, carry water from the surface to the bed. Although the exact path
to the bed is poorly constrained, moulins generally deliver their water to the bed within a few ice thicknesses (Gulley, 2009).
When falling through the air-filled portion of a moulin or crevasse, part of the initial gravitational potential is converted to
kinetic energy and then dissipated as heat to the surrounding air, moulin and crevasse walls, and water table surface on impact.
We assume the density of ice is 917 kg m~3, the density of water is 1000 kg m 3, and that the subglacial system is pressurized
to slightly less than the ice-overburden pressure as often observed in the field (Engelhardt and Kamb (1997); Fountain (1994);
Meierbachtol et al. (2013)). Given the above, the water table in the moulin will be ~90% of the way up the moulin when the
subglacial system is near the ice-overburden pressure. In this case, stationary water at the surface of a 90% water-filled moulin
retains ~90% of its initial gravitational potential energy and dissipated ~10% to heat (Fig. 1), which we consider "lost" from
the system. The potential energy available at the moulin water table surface relative to the terminus elevation is therefore a

subset of PE} a1 (Eq. 2), equal to,

PEmoulin =09 mg (Zs - Zb) + mg (Zb - z0)7 (3)

with z, the elevation of the outflow at the terminus. Moulins do not conduct significant heat to ice (Liithi et al., 2015), and
while we assume all potential energy is converted to pressure energy along the descent, we also assume that water remains at

the phase transition temperature (PTT),

PTT =Cr(zs—2) pig 4

derived from C7 the Clausius-Clapeyron slope equal to 8.6x10~8 K Pa—! (Hooke, 2005), and p; the density of ice. Water
captured by crevasses also warms ice as it refreezes (Phillips et al., 2013). We do not consider either of these processes that
release heat englacially because they do not occur at the bed, and the crevasse-captured water volume is negligible relative to

the total surface runoff volume.
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In our model, the PTT adjusts the total energy by ~30% and is not zero sum even though input and output are both at
atmospheric pressure (PTT = 0 °C). From the specific heat of water (c, = 4190 J kg=! K™!), and the equation (g 2)/c,, water
can warm 0.0023 °C per m of elevation drop. A unit mass of water at z;, = 1000 m has gravitational potential energy of ~10000
J and can therefore warm itself by 2.3 °C if lowered to 0 m. From Eq. 4, the Clausius-Clapeyron slope reduces the PTT -0.7 °C
due to the pressure under 1000 m of ice, equal to ~1/3 of the temperature change from gravitational potential energy. However,
as stated previously we do not consider this initial change in PTT in the moulin because that occurs englacially. As the water
flows out and returns to atmospheric pressure (for land-terminating glaciers), we do consider changes in the PTT, meaning
~1/3 of the potential energy may used internally by the water to increase its temperature with the PTT as the PTT returns to 0

°C (Rothlisberger, 1972).
3.3 Flow routing at the bed

Once at the bed, water is routed from one grid cell to the next based on the gradient of the hydropotential ¢ calculated from the

ice surface and bed elevation, and decomposed into elevation potential ¢, and pressure potential ¢,

p=0.+bp=pwgz+pig(zs —2), (5)

with ¢, ¢, and ¢, in units Pa. ¢ equals the potential energy per unit volume of water, and dividing by p,, g gives the hydraulic
head (Cuffey and Paterson, 2010). All water is assumed to move to the neighboring cell (of 8) with the lowest hydropotential
and conduits are not included in the model. This flow routing redistributes the surface source into subglacial streams (Fig. 3).
Flow routing is implemented using the r.watershed tool in grass GIS (Neteler et al., 2012) version 7.0.3, with ¢ as the
"elevation" input with all "sinks" filled so that all water leaves the ice sheet (see Supplemental Material).

The change in hydropotential that drives flow comes from a combination of Eq. (5) and the downstream cell from the flow

routing algorithm, or,

A = ¢ — bit1, (6)

where water flows from grid cell ¢ to cell ¢ + 1. A¢, and A¢,, are defined similarly to Eq. (6).

The net hydropotential change A¢, does not distinguish between flow driven by changes in basal elevation which does not
change the PTT, and flow driven by changes in ice thickness or pressure which does change the PTT. Our decomposition of
A¢ into A¢, and A¢, (Eq. 5 and 6, Fig. 4) allows us to estimate where potential energy losses occur due to an elevation
drop and where potential energy losses occur due to a pressure drop. This distinction matters because if flow is driven by an
elevation drop (red A¢, in Fig. 4), ice thickness may increase, decrease, or remain constant, and those three scenario imply a
+2/3 change in the heat released due to the pressure change. Similarly, if flow is driven by a pressure drop (red A¢,, in Fig. 4),
ice must thin along-flow, and ~1/3 of the potential heating from the pressure drop is not released (Rothlisberger, 1972). These

~1/3 and ~2/3 values come from the PTT, the specific heat of water, and the density of water, or Crcpp ~ 1 /3.
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3.4 Basal viscous heat dissipation

As water flows down the hydropotential gradient, we track the energy released as heat ((Q) based on the volume of water, the

change in the hydropotential, and the change in the PTT,

Q=V(A¢—CrcyAdppuw) @)

where V' is the volume of water (Fig. 3), A¢ is the net hydropotential change along flow from cell 4 into ¢ 4 1, and A¢,, is
the pressure component of the hydropotential change along flow. The last term of Eq. (7) is an adjustment for the PTT, which
increases the heat released along the flowline when the ice thickens down-stream (A¢, is negative, and the PTT drops), and
reduces the heat released along the flowline when the ice thins downstream. If second term on the RHS of Eq. 7 is larger than

the first term on the RHS, then () is negative, and basal freeze-on occurs (Alley et al., 1998; Bell et al., 2014)
3.5 Energy advected from the system as sensible heat or velocity

In an idealized scenario where water exits a glacier at sea level, it will have lost 10% of its initial gravitational potential energy
at the beginning of its journey through the air-filled portion of the moulin and dissipated the remaining 90% as heat during
its flow through the englacial and subglacial drainage system. In reality, most water leaves glaciers above or below sea level.
When water leaves the ice sheet margin from a land-terminating glacier all water pressure in excess of atmospheric pressure
is released and only gravitational potential energy corresponding to the elevation of the glacial outlet above sea level remains
(Fig. 1).

Only a small fraction of the total gravitational energy drop is converted to kinetic energy (velocity) (Liestgl, 1956). This
can be illustrated by the fact that a 1 kg unit parcel of water has gravitational potential energy of ~10000 J when it is at
1000 m elevation, and kinetic energy of ~50 J (only 0.5% of the initial gravitational potential energy) if it flows out of the
terminus at a relatively fast velocity of 10 m s~!. Given that meltwater is at atmospheric pressure and in contact with ice
between the entrance (e.g., moulin) and exit (e.g., ice-marginal tunnel) there should be no significant net change in water
temperature and no significant change in heat content between the input and output ends of the hydrological system. Hence,
the bulk of the gravitational energy loss experienced by surface meltwater will be dissipated as heat during subglacial water
flow. Early work in glacier hydrology indicate that this heat is used to melt ice in contact with the flowing water (Shreve, 1972;
Rothlisberger, 1972). When water leaves an ice margin under a marine-terminating glacier, the same processes occur releasing
heat subglacially, but the water at the exit point does not return to atmospheric pressure but rather to the pressure determined
by the depth below sea level at which subglacial outflow takes place (Fig. 1).

Water also does not leave the system with significant energy in the form of sensible heat. Two separate arguments support
this proposition, in addition to the bulk of existing subglacial fluid thermal transfer literature: 1) laboratory experiments, and
2) measurements in proglacial streams.

The standard assumption in the subglacial hydrology literature is instantaneous heat transfer (Rothlisberger, 1972; Clarke,

2003; Hewitt, 2011), combined with all heat being delivered to the ice or used to maintain the water at the phase-change
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temperature (Catania and Neumann, 2010; Rothlisberger, 1972; Clarke, 2003; Hewitt, 2011; Fountain and Walder, 1998), with
only the following few exceptions: Mathews (1973) examined subglacial outflow from an active volcanic/geothermal terrain
where water may be starting with temperatures far above the freezing point. Hock and Hooke (1993), when re-analysed with
the correct heat capacity of water (pers. comm.; the heat capacity of water is not 256.9 J kg=! K1 as in Hooke (2005))
report that 15% is advected. Rothlisberger (1972) assumes instantaneous heat transfer for the bulk of that paper, but on page
197 suggests 10 - 50% of energy may leave a subglacial system unused. However, his citation is personal communication
with Mathews (in press), cited as "Mathews, W. H. In press. Record of two jokullhlaups (1969)". We find no such paper, but
Mathews (1973) has an identical title and reports through one method that only 20-50% of energy is used to melt ice (50-80%
leaves the system as sensible heat), and through another that 10 - 50% is lost to advection (as quoted by Rothlisberger). A
manuscript written by Rist (1954) in Icelandic is interpreted (translated) by two different sources. Nye (1976) reports 0.05
°C (water can be warmed 0.05 °C by lowering it 21 m) but approximates that as 0 °C, and Bjornsson (2010) reports that Rist
(1954) has repeatedly measured outflow at 0 °C. We are aware of no other manuscripts suggesting that sensible heat is advected
from the subglacial environment with discharging water and the few examples to the contrary come from either glacial systems
in Icelandic volcanic terrain (e.g. Mathews (1973)) or a glacier with a very short drainage pathway (Hock and Hooke, 1993).

Laboratory experiments indicate that water flowing through ice reaches a near-zero equilibrium temperature within 10s to
100s of m (Isenko et al., 2005). An independent method measuring and modeling proglacial stream temperature closes the
heat budget with an outflow of 0 °C, with stream temperatures above that attributed to one of four sources occurring between
the glacier snout and thermometer: net shortwave radiation, evaporative heat flux, sensible heat flux, and streambed friction
(Chikita et al., 2010). The lab and pro-glacial stream experiments do not address temperature changes due to the pressure-
dependence of the phase change of water.

Even if all heat is consumed under the glacier, the assumption that all heat is transferred to the ice is likely violated as some
energy may be used for eroding and/or transporting debris, fracturing ice, generating seismic waves, and to heat subglacial
materials (Tsai and Rice, 2010; Evans et al., 1998). We assume that these terms are negligible, and note that some of these,
like heating of subglacial materials, are likely to be intermediate processes that themselves will re-release heat. We therefore
neglect these terms, assuming as much of the existing subglacial hydrological heat transfer literature does that melting of
basal ice represents the ultimate sink of heat beneath wet-based ice masses. Due to background geothermal flux, subglacial
geologic materials will normally be warmer than ice and, by the second law of thermodynamics, heat will flow from the warmer
subglacial material towards colder ice.

We treat the energy used to transport bedload as net zero within each model grid cell. Because the energy used to pick up
bedload is returned when the bedload drops, only bedload transported across the terminus impacts the total energy available
for heating. Large volumes of fine sediment are carried across the terminus boundary, but the kinetic energy of that sediment
is a small fraction of the kinetic energy of the water (which was previously shown to be negligible), and we therefore do not

consider it.
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3.6 Methods and assumptions summary

We conjecture that nearly all the gravitational energy loss experienced by surface meltwater as it travels through and beneath
the Greenland ice sheet is ultimately used to melt ice in contact with englacial and subglacial water drainage pathways. Our
model closes the energy budget by assuming that 90% of the potential energy loss experienced by surface meltwater is simply
balanced by heating and melting under the ice sheet in the ideal scenario of a flat bed and outflow at sea level. This is equivalent
to stating that all terms on the RHS of Eq. 1 approach O at the outflow, except for H,, which must balance the high elevation
term on the LHS. If some fraction of the gravitational energy loss of water flowing under ice sheet is converted into some other
form of energy neglected here, it is worth noting that the central focus of this paper is on examining changes over time, and the

impact of the neglected terms is muted as long as they do not change relative magnitude over time.

4 Results
4.1 Gravitational potential energy

The source term, gravitational potential energy of surface runoff, is shown in Fig. 2 in units of both energy and as annually
averaged energy flux rate (i.e. power). Energy measured in Joules comes from the runoff volume multiplied by density to get
mass, and power in Watts comes from dividing the energy by the number of seconds in a year. Summing across the ice sheet
(Fig. 2) gives annual GIS-wide gravitational potential energy of 2.1, 2.9, 4.9, and 14.3 times 108 J (or exajoules, EJ) year !
for the historical, present, RCP4.5 and RCP8.5 cases respectively after the surface runoff is routed to the 2000 m contour (Table
1). The same result can be found by evaluating Eq. (2) with total annual runoff volume of 345 km? times 1000 kg m~! and the

volume-weighted mean elevation of 863 m for the present day case (Table 1).
4.2 Viscous heat dissipation

A spatial map of basal VHD is shown in Fig. 5 with the energy calculated based on Eq. (7). Summing the spatial data in
Fig. 5 gives annual GIS-wide VHD of 1.4, 1.9, 3.2, and 9.0 EJ year~! for the historical, present, RCP4.5 and RCP8.5 cases
respectively (Table 1). These numbers are ~65% of the incoming gravitational potential energy respectively, which is below the
theoretical value of ~90% discussed above. The difference is due to initial bed topography below sea level, land terminating
glaciers discharging above sea level, and the pressure dependence of the phase transition temperature. For example, if a parcel
of water begins at 1000 m elevation over a -1000 m bed and discharges at 100 m elevation (Fig. 1), the following processes
reduce VHD: 1) the 90% of ice overburden basal pressure means that the moulin water level is at 1800 m above the bed (800
m above sea level), and 20% instead of 10% of the initial gravitational energy relative to sea level is dissipated before surface
meltwater reaches the water table (Eq. 3), 2) water discharges at 100 m elevation rather than at sea level, so the total potential
energy drop through the englacial and subglacial drainage system is due to 700 m of elevation change (Eq. 3), and 3) the impact
of the PTT should be net O from inflow to outflow because both are at atmospheric pressure, but is not net 0 because due to the

instantaneous heat transfer assumption, and the fact that our model only tracks VHD at the bed (Eq. 4). Water that enters the
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model at the moulin bottom is at the PTT below 0 °C, and energy is consumed warming it as the ice thins (Eq. 7). Beyond this
specific example, if outflow occurs at marine terminating glaciers under thicker ice than where the water entered the system,
that water has the ability to release excess heat due to the PTT.

Frictional basal heating is up to 0.2 W m~?2 near the Russell and Leverett glaciers (Brinkerhoff et al., 2011), while geothermal
heat flux (GHF) is estimate at ~0.050 W m~2 (Shapiro and Ritzwoller, 2004) to as little as 0.030 W m~?2 (Meierbachtol et al.,
2015). The logarithmic scale used in Fig. 6¢c makes the differences between these heat sources and VHD appear small, but near
the margin VHD exceeds the expected values of GHF by one to two orders of magnitude. At present, VHD releases more heat
than GHF from ~50 km inland to the margin. In the future, when larger volumes of water flow from farther in the interior, the

zone where VHD surpasses GHF may increase its reach to ~100 km upstream from the ice margin (Fig. 6¢).

5 Discussion
5.1 Conduits v. distributed flow

The routing model and energy balance model above are based on the hydropotential which we derive using only ice sheet
surface and bed geometry, and the common assumption that subglacial water pressure is equal to ice overburden pressure
everywhere. The latter represents a reasonable approximation for distributed subglacial drainage systems (e.g. Engelhardt and
Kamb (1997); Fountain (1994); Meierbachtol et al. (2013)). There are no conduits in this model, although it is likely that
conduits would form along the paths where maximum flow and heating occurs (Fig. 3 and 5). Conduits are unlikely to form
deep in the interior (Dow et al., 2014) and in the well-studied Russell/Leverett region have been observed up to 34 km inland
(Meierbachtol et al., 2013). When conduits do form, they should draw down local subglacial water pressures, which will result
in increased VHD wherever pressurized subglacial water drains from the distributed drainage system into the lower-pressure
conduit system. Since the current model does not explicitly represent pressure drops into conduits, this will occur farther
inland than represented here. Our model may therefore be overstating the concentration of VHD near the ice sheet margin and

development of conduits will spread the heat dissipation more evenly over areas further inland.
5.2 Heat at the ice sheet bed

Flow routing and VHD are similar, but not the same. Basal water is routed based on the change of the net hydropotential (Eq.
6, Fig. 4). Viscous heat dissipation (Eq. 7, Fig. 5) is similar to V' times Eq. (6), but Eq. (7) has a second term on the RHS,
which states that 1/3 of the heat that could be released due to thinning ice remains in the water, raising its temperature along
with the PTT. For certain elevation changes () is negative and basal freeze-on may occur (blue pixels in Fig. 5). Locations
of basal freeze-on in the model may be due to the physical processes described above, or due to the basal DEM not actually
representing the basal topography and flow paths. Where basal re-freezing occurs, additional heat is released and new warm
ice is generated (Alley et al., 1998; Bell et al., 2014). Predicted locations of basal freezing are near where Bell et al. (2014)

shows basal freeze-on packages, but do not exactly line up, suggesting there may be an error in either this model, the basal
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topography from Morlighem et al. (2014) input to the model, or that some advection occurred between results here and results
in Bell et al. (2014).

Because the heating term is a function of water flux rate, it is spatially heterogeneous at the glacier bed. Flow routing creates
subglacial conduits systems that accumulate several orders of magnitude more water than the surrounding non-conduit region
(Fig. 3) and along a flowline water flux will increase (Fig. 6b). Variations in bed topography and ice thickness create variations
in the rate of change of ¢ along the flowline (Fig. 6a), which leads to heterogeneous heating, and variations in melting rate
along the flowline (Fig. 6¢). At present when using a 5 km grid, the cell with the maximum discharge experiences a flux of 7
km? year—! (2% of the annual runoff from the entire ice sheet). That percentage remains roughly unchanged, and by the end
of this century under RCP8.5, one subglacial conduit may discharge up to 32 km? year—! (Fig. 3). These large water fluxes
focused into parts of the model domain mean that up to 10 W m~2 can be dissipated in such locations (Fig. 5 and 6¢).

We assume that all the heat released from the water is used to melt ice and most of that to form subglacial conduits, and that
most conduits form due to VHD from surface runoff because runoff-sourced water dominates basally-produced water, and as
shown here VHD dominates GHF. This new basal-source meltwater leaves the ice sheet as latent heat (Fig. 1). This additional
melt represents a small fraction of the total runoff - it is approximately 2%, or 7 km?® year—! at present and 32 km?> year™!
under RCP 8.5 near year 2100. Although small by percent, the total volumetric increase is important when one considers that
the bulk of subglacial conduit formation is represented by that 7 (present) or 32 (future) km? year—!.

Regardless of the partitioning of the energy between melt and other processes not addressed here, the relative percentages will
likely remain near their present value. Therefore, ~5 times the amount of energy is available for subglacial conduit formation
under RCP 8.5 in year 2100.

Some future additional heat will be distributed over a longer fraction of a year relative to the present since climate warming
prolongs the melt season in Greenland (Hanna et al., 2008). It will also be distributed spatially further inland relative to the
present as the subglacial conduit network expands inland. When VHD occurs in new locations at the GIS bed it may convert
a frozen bed to temperate and increase ice sliding (Parizek and Alley, 2004; Shannon et al., 2013). However, even if some
future additional VHD reaches new locations inland and new times of the year due to an increased melt season, the bulk of it
will occur in the same place, but it will have higher magnitude. The long-term effects of increased basal water on ice velocity
are uncertain, but it appears that short-term velocity increases (Iken and Bindschadler, 1986), especially due to variable input
(Schoof, 2010), may lead to overall summer acceleration but annual deceleration (Sundal et al., 2011), and decadal slowdown
(Tedstone et al., 2015). At marine terminating glaciers, the process ought to be similar, but the effect is likely to be less
important than other processes determining glacier velocity and its variability (e.g. Walter et al. (2012)).

The integrated change in heat per flowline in shown in Fig. 7, with a minimum cutoff removing all small increases. The
change between historical and present (P-H in Fig. 7) shows that at present, most of the increase is found in the sector where
Tedstone et al. (2015) suggests a 50% increase in runoff has led to a reduction in glacier velocity. Up to 1.8x10% J more heat
is released along one flowline, and a similar amount in several nearby flowlines, in this region. That amount may double under

RCP 4.5, and increase by an order of magnitude under RCP 8.5. If the correlation between runoff and velocity is controlled by
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an increase in basal conduit size, quantity, or duration due to VHD, then in the future under RCP 8.5, a widespread reduction

in glacier velocity may occur.
5.2.1 Geothermal Heat Flux

GHEF is spatially and temporally more uniform than VHD which is concentrated in subglacial conduits and primarily occurs
when surface melt is active. Nonetheless, it is worth comparing the magnitude and distribution of the two. Historically the total
VHD of 1.4 EJ year—! under the runoff area was similar to the total GHF of 1.1 EJ year—! in that same area. That is no longer
the case, and by the end of this century under RCP 8.5, VHD will contribute ~9 EJ year‘1 while GHF only increases to 1.4 EJ
year—! due to a slight increase in the runoff area that reaches the bed (when surface runoff is routed to 2000 m elevation before
moving to the bed).

VHD dominates other basal heating terms considered in some glaciological models (for example, Brinkerhoff et al. (2011)).
Small differences in GHF estimates produce drastically different GIS growth scenarios (Rogozhina et al., 2012), and observed
basal temperature measurements do not always agree with assumptions used in existing models (Meierbachtol et al., 2015).
Increased geothermal heat flux also coincides with onset of fast ice flow (Fahnestock et al., 2001). The results of our analysis
and these GHF studies suggest that if VHD contributes ~6 times as much heat in the future as historically, it may generally
decrease the importance of GHF in modulating spatial dynamics of the ice sheet because it will swamp the basal supply of heat

from GHEF, at least underneath the ablation zone.
5.3 Erosion and sediment transport

Large amounts of eroded material are also flushed out from under the GIS each year (Cowton et al., 2012). The erosion rates
implied by the sediment flux is already several orders of magnitude above the background (>1000 year) erosion rates (Koppes
and Marchant, 2009). If 5 times the amount of water flows along the GIS bed by the end of the century, it may increase
sediment removal (Bogen and Bgnsnes, 2003). If increased VHD and water at the bed of the GIS simultaneously causes
sediment removal rates to increase 5-fold for ~100 — 1000 years, while at the same time reducing the glacier velocity (Tedstone
et al., 2015) and therefore the production of sediment (Herman et al., 2015), the state of the bed may rapidly change over the
coming century from potentially deformable subglacial sediments to rigid bedrock (Weertman, 1964; Kamb, 1970; Tulaczyk
et al., 2000; Bougamont et al., 2014)

5.4 Model domain

The model domain has 5x5 km grid for most of the analysis presented here, which means results are smoothed over that area.
In reality, subglacial discharges occur on the order of one every 5 km along the coast (Lewis and Smith, 2009). For example,
a discharge of 1000 m® m~2 year~! of water in a 25 km? grid cell in Fig. 3(8.5) equals 25 km®. That same 25 km?® might
discharge through a conduit on order 10 — 100 m wide, rather than the 5000 m wide cell used in the analysis. If a single conduit

on the order of 10 — 100 m wide carries all of the water (Fig. 3) and is subject to all of the heating (Fig. 5), then values reported
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(here spread over 5000 m) are likely be one or more orders of magnitude larger in small focused regions, and one or more

magnitudes smaller outside the conduit.

6 Conclusions

Large volumes of supraglacial runoff observed in Greenland ablation zone, including at relatively high elevations above sea
level, contain large amounts of gravitational potential energy. We estimate that approximately 65% of this energy is dissipated

1

as heat at the ice sheet bed in the ablation zone. This energy averaged 1.4 EJ year™ " over the 1900s, but has recently increased

to 1.9 EJ year—! and will likely increase to 3.2 or 9.0 EJ year—! by the end of the century under RCP 4.5 or 8.5 respec-
tively. Viscous heat dissipation will become the dominant basal heat source, and under RCP 8.5 will swamp the ~1 EJ year—!
contributed by geothermal heat flux in the same area.

This up to 6 times additional future heat at the ice sheet bed (relative to the historical amount) should result in a similar 6 fold
increase in basal ice melt volume and may contribute to more, larger, longer-lasting, and more widespread subglacial conduits.
The effect of increased conduit formation is not captured by this model, but based on recent results and subglacial theory, may
decrease glacier velocity. This decrease may be offset by other processes and there may still be a net acceleration, especially
at marine terminating glaciers. Along with possible impacts on ice velocity due to changing subglacial conduit configuration,

increased runoff will remove more sediments, which will likely change the stress state at the glacier bed by changing the

glacier/till/bedrock interface.

Appendix A: About This Document

This is an attempt to create a "fully reproducible” scientific publication. We may not have succeeded, but have made progress
in this direction. In order to be fully reproducible at the binary-level, a clone of our operating system with the full analysis
software should be provided. This could be done with a virtual machine (VM) but we have not taken this step because VMs
require ~20 GB of space, and journals do not yet support this type of supplemental material.

Instead, we used only free and open source software above the operating system level, document in detail the version(s) of
all software packages used, and provide every line of code required to reproduce the document, beginning with the commands
to download the MAR (Fettweis et al., 2013) and IceBridge BedMachine Greenland, Version 2 (Morlighem et al., 2015, 2014)
data sets, followed by the grass GIS (Neteler et al., 2012) and Python commands to produce intermediary data products and
graphics.

The supplementary data is a plain-text file that contains the manuscript text and all of the code. As plain text, it can be viewed
in any editor or document viewer. However, it’s internal structure is that of an Emacs Org Mode (Schulte and Davison, 2011;
Schulte et al., 2012) file and is best viewed in Emacs, which supports execution of the embedded code blocks. A reader should
be able to reproduce the contents of this document, although it will require 3rd-party applications (GRASS, Python, etc.), and

a similar system-level Emacs configuration as the authors.
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Figure 1. Schematic of a water-filled moulin and a land- and marine-terminating glacier. Bar graphs show form and amount of energy

relative to initial gravitational potential energy and sea level, at different locations throughout the system. On the bar graphs, 1 represents an

energy state equivalent to a 0 °C parcel with no velocity at some elevation, z,, equal to the ice sheet surface. O represents an energy state

equivalent to that same parcel of liquid water at O °C with no velocity at sea level.
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Figure 2. Gravitational potential energy from surface runoff. Labels represent (H)istorical mean runoff from 1900 — 1999, (P)resent mean

runoff from 2010 — 2019, (4.5) years 2090 — 2099 under IPCC ARS RCP4.5, and (8.5) same as (4.5) but under scenario RCP8.5. Gray

contour marks 0 m elevation.
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Figure 3. Accumulation of subglacial water flowing through each grid cell. Results are presented on a 5x5 km grid. Labels same as Fig. 2.

Gray contours mark 0 and 2000 m elevation.
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Figure 4. Net hydropotential change between each cell and its downstream neighbor (A¢, and the decomposition of net hydropotential
change to elevation-driven hydropotential (A¢.) and pressure-driven hydropotential (A¢,). Red is positive and blue is negative. Negative
A¢. implies flow uphill driven by a pressure gradient, and positive A¢,, implies flow driven by thinning ice. Large differences in released

heat (~66%) are due to flow under thinning or thickening ice.
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Figure 5. Heat released at the bed. Labels same as Fig. 2. Colorbars represent heating (red) and cooling (blue), and numbers are valid for
both colorbars (i.e. | W m~2 equals 3x107 J m? year—!, and each of those values are positive on the red colorbar and negative on the blue

colorbar). Gray contours mark 0 and 2000 m elevation.
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Figure 6. Detail along a flowline on Russell glacier. a) surface and bed elevation (left axis) and change in ¢ (right axis), b) flow rate, and c¢)
power, frictional heating, and geothermal heat flux. Legend labels H, P, 4.5, and 8.5 same as Fig. 2. Frictional heating from Brinkerhoff et al.
(2011), and geothermal heat flux (GHF) from Shapiro and Ritzwoller (2004).
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Figure 7. Change in cumulative upstream heat released at the bed. Label P-H represents increase from historical to present, 4.5-P difference
between present and 2090s under RCP 4.5, and similarly for 8.5-P. Symbols show amount of heat released between terminus and upstream

source for each flowline. Numbers (units are Joule) are a legend for the changing size of one symbol. Increases of less than 2x10® J are not

shown.
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Table 1. Properties of Greenland runoff and viscous heat dissipation. (H)istorical period covers 1900 — 1999, (P)resent spans 2010 —2019, and
the RCP(4.5) and (8.5) periods span 2090 — 2099. Runoff volume and area from MAR (Fettweis et al., 2013), elevation from MAR combined
with IceBridge BedMachine Greenland, Version 2 (Morlighem et al., 2015, 2014). Geothermal heat flux from Shapiro and Ritzwoller (2004)

calculated only under runoff area.

Property Units H P 4.5 8.5
Runoff volume km? year™? 254 345 526 1288
Runoff area 10° km? 0.68 068 084 1.23
Runoff mean elevation 2 m 1293 1296 1344 1398
Runoff weighted mean elevation z; m 837 863 955 1109
Maximum discharge per 5x5 km grid ~ km?® year™* 5 7 10 32
Potential energy 10'8 Jyear—* 2.1 29 49 143
Viscous heat dissipation 108 J year™* 1.4 1.9 32 9.0
Geothermal heat flux 10'8 J year—! 1.1 1.1 1.3 14

25



